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Abstract—Series elastic actuators (SEAs) can provide low
output impedance, bandwidth close to the human movement and
direct measurement of torque through the spring deflection.
These advantages enable the application of SEAs in human active
orthosis and exoskeletons. However, conventional technologies to
measure the spring deflection are bulky, inhibit natural pattern
of movement or are sensitive to misalignments. This paper
presents the application of polymer optical fiber (POF) as a
sensor to measure the spring deflection to overcome some of the
issues of conventional technologies, since it is compact,
lightweight and have electromagnetic immunity. Furthermore,
the spring is employed to validate a torque sensor based on POF
stress-optic effects. Results show high linearity of both sensors
and mean squared errors below the encoder resolution employed
as reference on dynamic measurements.

Index Terms—Polymer optical fiber, Series elastic actuator,
torque sensor, angle sensor.

. INTRODUCTION

LOCOMOTION plays a crucial role on the capacity to
perform activities of daily living, personal functional
abilities, and independent development in the community.
However, clinical conditions such as stroke, spinal cord injury,
Parkinson disease and loss of a member by amputation can
affect the human locomotion with varying degrees of severity
[1], [2]. To overcome or attenuate human gait disorders,
devices such as prostheses [3], exoskeletons [4], and smart
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walkers [5] have been employed for assistance and
rehabilitation purposes.

Lower limb exoskeletons are being used for gait assistance
and rehabilitation therapies. Robotic exoskeletons are
successfully employed for rehabilitation exercises due to its
higher repeatability and the quantitative feedback of the
patient recovery [6]. Furthermore, the embedded sensors can
also be used for continuous monitoring and evaluation of
patient progress with predefined objectives and allowing the
customization of treatment with increasing levels of
personalization and difficulties. This customization is
achieved through the dynamic interaction between the
exoskeleton and the patient, which happens with the transition
between passive, active-assisted, and active-resisted
movements of the robotic device controller [7].

Considering the human safety, it is desirable that the
exoskeleton actuators have low output impedance [7].
Otherwise, there is a risk of accident with the patient [7].
Furthermore, the actuators must have a bandwidth close to the
one of human movement in order to perform the desired
movements of the physiotherapy section. A straightforward
manner to achieve these requirements is by placing an elastic
element between the load (human limb) and the actuator. This
is the series elastic actuator (SEA) principle proposed in [8].
Although the spring placed between the load and the actuator
can significantly reduce the system output impedance, it also
reduces the system bandwidth [9]. Since the human movement
occurs in low frequencies [10], SEAs have been successfully
employed as exoskeletons actuators [11], [12], [7], among
others.

Another advantage of SEASs is the possibility of estimating
the output torque from spring deflection. For this reason,
sensors for spring deflection can be employed instead of the
torque sensors, which may simplify the actuator
instrumentation. However, sensors used to measure these
deflections are generally encoders [7] and potentiometers [13]
that require mechanical supports precisely assembled due its
sensitivity to misalignments. This may result in a less compact
system. Additionally, potentiometers may also result in noisy
measurements.

Some of the current angle measurement technologies issues
may be overcame by optical fiber sensors due to its
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compactness, multiplexing capabilities, electromagnetic fields
immunity [14]. Regarding the material properties, there are
two major types of optical fibers: polymer optical fiber (POF)
and glass optical fiber (GOF). POFs may be preferable on
angle measurement application due to its higher resistance to
impact and vibrations, and higher strain limits that make them
more flexible and easy to handle [15].

Among many operation principles for the development of
POF sensors, intensity variation is one of the most commonly
used principle, due to its easiness of implementation, good
cost-quality ratio, and simplicity in signal processing methods
[14]. When the fiber is under curvature, there is an attenuation
of the fiber output power and this attenuation is related to the
angle that the fiber is bent. However, the fiber with no
modification presents low sensitivity and linearity with
curvature. To improve such parameters, a lateral section is
made on the fiber to create a sensitive zone, which increase
the sensor sensitivity in over than three orders of magnitude
[16].

The POF curvature sensor has been applied as wearable
sensor for knee angle measurement [17], lumbar curvature
measurements [18], among others. However, the sensor has a
saturation trend in angles higher than 90° and the sensor
design must consider this behavior. Moreover, polymers are
viscoelastic materials and do not have a constant response
with stress or strain [19]. Therefore, a viscoelastic behavior
compensation should be made in place to obtain a reliable
measurement of the sensor. Furthermore, when the fiber is
under curvature there is a stress-optic effect, which creates a
variation of the fiber refractive index and leads to an
attenuation of the POF output power [20].

This paper presents the application of a POF curvature
sensor on the elastic element of a SEA. Since small deflections
of the spring has to be measured in an effort to estimate the
actuator output torque, the sensor has to be carefully placed to
obtain a high sensitivity. Another contribution of this paper is
a novel torque sensor based on POF stress-optic effect.

This paper is organized as follows. Aiming to describe the
POF sensor and analyze the best spot to place it on the spring,
Section 1l discusses the system requirements and operation
principle. Section Il presents the POF sensor for spring
deflection measurements. Section IV depicts the novel torque
sensor based on POF. Finally, the final remarks and future
works are discussed in Section V.

Il. SYSTEM REQUIREMENTS AND OPERATION PRINCIPLE

A. POF sensor operation principle

When the fiber is under curvature, there is the attenuation of
the power output proportional to the curvature angle [16].
However, a fiber without any modification presents low
sensitivity to curvatures [16], which may be increased by
performing a lateral section on the fiber creating a sensitive
zone. In the case of this work, abrasive removal of material is
employed to create such sensitive zone.

The advantage of this technique is the possibility of
controlling not only the sensitive zone length and depth, but

also the surface roughness of this region [21].

The curvature sensor based on POF presents three power
attenuation mechanisms: radiation losses due to macrobends,
surface scattering on the sensitive zone, and variation of the
refractive index due to the stress-optic effect. Figure 1 shows a
top view of the POF under curvature and the attenuation
mechanisms are also presented.
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Fig. 1. POF curvature sensor under curvature. There is a region with higher
stress due to the stress induced by the bending. The surface scattering and an
incident ray propagation is also presented.

The fiber curvature leads to an increase of the reflections in
the convex side of the bending and a reduction on the concave
side. Since the sensitive zone is on the convex side, there will
be more rays escaping if compared with the fiber on the
straight position. Therefore, an attenuation of the signal is
expected. Moreover, it will increase with the curvature raise.
As the bending occurs, angle between the incident ray and the
sensitive zone surface increases and creates a variation on the
transmission mode. Some higher guided modes are coupled to
lower guided modes that increase the surface scattering loss
that causes the decrease of the output power, which is another
mechanism of attenuation on a POF with sensitive zone [22].

If the light is threated as individual rays, the light source has
a constant radiance and only meridional rays are considered.
The ratio between input and output power of POF with
sensitive zone can be modeled through geometric optics [23],

[24]. Equation (1) shows the ratio between input (P.) and
output ( P,) power of the POF curvature sensor [23].

i: (Sc —S,)sin*(6,) , (D)
P, Sc sin’(0,)
where s_ is the fiber core cross sectional area, s is the

maximum area of removed material. The difference between
the core cross sectional area and the area of removed material
is defined in (2) [23].
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In this case, ais the fiber core radius and p is the sensitive
zone depth.
Referring to (1), 6, is the critical angle calculated by the

well-known Snell’s Law, which varies with the ratio between
the core (n.) and cladding (n.,) refractive indexes, and ¢, is

the angle corrected by the fiber bending (3) [23]:

0,=6, 1- 22 . ®)
V' R&

where R is the curvature radius defined as:

Ro_Cir4p @
8p

where C is the sensitive zone length [23].

Another effect on the fiber is the variation of the refractive
index due to the stress-optic effect [20]. If a pure bending on
the z-axis is considered on the region of higher stress on the

fiber (see Fig. 1), the variation of the refractive index (An, )
with the stress is defined as [20]:

_ ng d,,0(t) _

An,
2

®)

Referring to (5), N is the core refractive index, Q,is the
fiber stress-optic coefficient, o (t) is the stress, which is time-

dependent due to the polymer viscoelasticity [19]. In this
equation, the second-order effects due to temperature changes
are neglected. Furthermore, the model is valid only for step-
index POF, which is also considered transparent, homogenous,
and isotropic [20].

B. System requirements

The employed SEA is shown in Fig. 2. It comprises of a
customized spring, and a DC motor with an encoder. The
transmission of movement is made by a worm gear and the
alignment and freedom of movement of the motor axis is
guaranteed by an angular contact bearing. Another encoder is
positioned on the actuator output axis and the spring deflection
is estimated by the difference between the motor encoder and
the output axis encoder. Details of the design and construction
of this SEA are presented in [7].
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Fig. 2. Rotary Series Elastic Actuator for an active knee orthosis.

However, the goal is obtaining the spring deflection and
torque in a robust and straightforward manner. Therefore, it is
only necessary to analyze the spring. For this reason, a simpler
experimental setup is proposed. The spring with its base and a
lever to provide the angular deflection are attached to a
support that presents two holes: one at 4° with respect to the
lever position when the spring is not under deflection and the
other at 10° of the same condition. A lever is employed to
position the springs on the predefined angles (see Fig. 3).
Furthermore, the encoder E5 series (US digital, USA) is
positioned on the spring axis, below the wooden support. This
encoder is the reference for the dynamic tests of the POF
sensor. Besides its simplicity, this experimental setup also
makes the sensor validation easier on both static and dynamic
tests.

Fig. 3. Experimental setup for the POF sensor validation.

The positioning of the fiber on the spring is of great
importance due to the differences of the movement at each
portion of the spring. In order to obtain a higher range of
movement for the sensor, an analysis of the spring under a
predefined stress is made. In this analysis, the spring is fixed
and a torque is applied on the center of the spring to simulate
the stress that the lever applies on the spring. Figure 4 shows
the equivalent strain of the spring when a torque of 15 Nm is
applied, which is the maximum torque of the SEA’s DC motor
when the safety factor is considered [7]. In Fig. 4, the points a
and b present higher relative movement and low equivalent
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strain. Therefore, these points are more suitable for the POF
sensor position, since there is more range of movement of the
sensor and the low equivalent strain, in this region, prevents
the fiber rupture and plastic deformation.

0.080 (m)

0.020 0.060
Fig. 4. Equivalent strain of the spring submitted to a 15 Nm torque. The points
a and b are more suitable for the POF sensor positioning.

The POF sensor has to be positioned perpendicular to the
face of the spring shown in Fig. 4. Otherwise, it will interfere
on the spring extension movement due to the fiber strain and
can slip on the compression movement. Both in extension and
compression of the spring, the effects of the sensor mounted
on the spring surface will cause a decrease of the sensor
sensitivity. Supports for the optical fiber sensor were made to
enable the fiber positioning without inhibit the spring
movement. These supports are placed on the points a and b of
the spring presented in Fig. 4. A schematic drawing of the
spring with the POF sensor is presented in Fig. 5 (a), whereas,
a photograph of the spring with the 3D printed supports and
the optical fiber sensor is shown in Fig. 5 (b).
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(b)
Fig. 5. (a) Schematic drawing of the POF sensor attached on the spring and (b)
Photograph of the spring with the 3D printed supports for the POF sensor
positioning.

I1l. METHOD FOR ANGULAR DEFLECTION MEASUREMENT

Applications of POF curvature sensors involve a calibration
phase on static or quasi-static conditions prior to the
application of the sensor on dynamic measurements [17]. In
this case, the first measurements are made on static conditions,
which are on 0°, 4° and 10°. The sensor response at each of
these angles are acquired and a calibration curve is obtained.

The lever is connected to the spring output as presented in
Fig. 3. For this reason, the angular movement of the lever is
directly transmitted to the spring. Therefore, the
characterization of the angular deflection is made by
positioning the lever on the holes with an angular
displacement with respect to the lever initial position of 4° and
10° (see Fig. 3) for about 150 seconds at each angle. A laser
with 3 mW @650 nm is connected to one end of the fiber.
Whereas, the other end of the fiber is connected to a
photodiode with a transimpedance amplifier circuit. The
acquisition frequency is 200 Hz. Since the POF sensor can
present measurement errors with the variation of temperature
and humidity [21], all tests are made without the variation of
these parameters. In addition, another POF, connected to the
same light source, is positioned close to the spring without any
strain applied on it for temperature and humidity monitoring.

POFs are viscoelastic materials, which present a time-
varying relationship of stress and strain due to molecular
rearrangement. Towards enabling a more real and complete
characterization of this response and to obtain a compensation
of the POF’s viscoelastic response, the authors propose and
implement a procedure similar to the creep recovery test [25].
The creep recovery is employed to characterize the
viscoelastic parameters, which comprises of apply a constant
force on the fiber and measure its deformation. If the material
is perfectly elastic, a constant stress input will result in a
constant strain output. For a viscoelastic material, there is an
exponential decay of the strain response with time. The optical
response of the fiber when the spring is deflected in 10° has
the same behavior of the creep recovery experiment response,
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where there is a constant force and the elongation varies due to
the polymer viscoelastic behavior until it reaches its relaxation
time, which is also similar to the one presented in [19]. Figure
6 shows the elongation of the fiber under a unitary
(normalized) stress, where it can be seen that the normalized
elongation presents an initial amplitude higher than the one of
the stress (unitary), followed by a decay of the fiber elongation
due to the polymer relaxation.
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Fig. 6. Fiber response with a constant stress input.

The viscoelastic response may be modeled with the
Maxwell’s viscoelastic model [25]. In this model, the
viscoelastic response is approximated as a system with a
spring and a dashpot connected in series. The spring
represents the elastic component of the material response.
Whereas, the dashpot is related to the material viscous
response. Applying this principle to the POF curvature sensor
response, it is possible to disconnect the time-varying and the
static components of the response. By doing so, an equation
relating the dynamic response (P(t)) and the static response

( P,) is obtained by:

P(t) = P, exp(— 3). ©®)

where t is the time and 7 is the polymer time constant,
which can be obtained by an exponential fit of the creep
experiment response. Furthermore, the static response of the
sensor can be isolated on (6) to obtain an expression to
compensate the viscoelastic effects of the sensor. Figure 7
presents the compensated and uncompensated responses for
the viscoelastic effect on the sensor response of the static
characterization with 10° deflection of the spring. The stress
on a fiber generates a variation of the signal. Therefore, it is
expected that the optical response of the sensor without the
time-varying component will be inverse in modulus when
compared to the one obtained in creep recovery.

257 T T
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15\ L s J
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Fig. 7. Comparison between compensated and uncompensated responses of
the POF sensor when the spring is deflected in 10°.

The compensated responses for the 10° and 4° deflections
were 2.14V and 2.01V, respectively. In addition, the
response when no deflection is applied on the spring is 1.92 V.
These responses are related to the spring angles through a
linear regression. The calibration curve and correlation
coefficient are presented in Fig. 8.
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Fig. 8. Calibration curve of the POF curvature sensor.

The dynamic response of the sensor is evaluated on
sequential compression cycles. The tests comprise of loading
and unloading the lever for about 3.5 seconds. Figure 9 shows
the results for the POF sensor and the encoder measurements,
which are not continuous for a better visualization of the POF
response.
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Fig. 9. POF curvature sensor response for successive loading/unloading
cycles and encoder measurements.

The root mean squared error (RMSE) is calculated between
the POF sensor and the encoder. For this test, the RMSE is
about 0.57°. However, it should be noted that the two systems
present different behaviors on the dynamic tests. The encoder
response is in steps of 0.3°. Whereas, the POF sensor presents
almost continuous response with a resolution of 0.1° when
considering the 8-bit ADC. For this reason, it may be an angle
that is below the encoder resolution, but it is within the POF
sensor resolution that will be calculated as an error of the POF
sensor. Therefore, this RMSE may be lower if a higher
resolution system is employed as reference. Nevertheless, the
POF sensor presented errors lower than 4% when considering
the entire range of the test.

IV. PROPOSAL AND VALIDATION OF NOVEL TECHNIQUE FOR
TORQUE MEASUREMENT

Despite the good accuracy of the POF curvature sensor, it
generally has a saturation trend of its response in angles higher
than 90°. However, in this case, the initial position of the
sensor is already on a 180° bend (see Fig. 5) and the sensor
shows a linear behavior. One reason for this behavior may be
a trade-off between the radiation losses due to the curvature
and the attenuation generated by the refractive index variation
that the stress-optic effect causes. In order to verify this
assumption, the POF sensor is bent in angles from 0 to 100°.
Since the fiber is at straight position and the distance between
the supports on both ends of the POF is 40 mm, the stress on
the fiber is lower than in the condition of the spring deflection
measurements presented in Fig. 5. In such conditions, the fiber
is at 180° and the distance between the supports is about
9 mm, which leads to a higher stress on the fiber [21]. Figure
10 shows the response when the fiber is under a curvature of
0° to 100° with constant velocity of 0.0561 rad/s.

|
1.8 : : ' : : : ' ' '
0 10 20 30 40 50 6 70 80 90 100
Angle (*)
Fig. 10. POF sensor response in 0 to 100° bend with angular velocity
0.0561 rad/s. The dashed line represents the angle of 90°.

Referring to Fig. 10 there is a clearly saturation trend when
the angle is higher than 90°. However, in Fig. 8 the sensor has
a response almost linear with the fiber under curvature angles
of 180° of the POF positioning on the spring (see Fig. 5) plus
the 10° of the spring deflection. The assumption of the
difference between the sensor behavior in Fig. 8 and Fig. 10 is
a higher influence of the stress-optic effect on the sensor
response when it is submitted to higher stress. Since there is a
relation between the stress and the refractive index variation, it
is expected that if the stress-optical effect is dominant, the
sensor response will show high attenuation even if it is
submitted to angles above 90°.

Another evidence for the assumption of stress-optical effect
dominance is the static tests made on Section Ill. In these
tests, the sensor presents the characteristic response of
viscoelastic materials on creep recovery or stress relaxation
tests [25]. For obtaining the differences between static tests of
the fiber placed on the spring (initial angle of 180°) and on the
straight position, a static test is performed with the fiber on the
straight position. In this test, the fiber is bent from straight
position (0°) until 100° on steps of 5° and it remains at each
position for 10 seconds. The results are shown in Fig. 11,
which can be seen that the response does not show the
characteristic response of viscoelastic material. Since when
the fiber is at the straight position the stress-optical effect is
not dominant, there is not an exponential decay of the POF
response at each angle, which represent different levels of
stress on the fiber. In other words, if the curvature angle
increases, the stress over the fiber also increases. Therefore,
Fig. 11 shows reinforce the assumption that the stress-optical
effect is dominant on the response of the POF sensor placed
on the torsional spring.
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Based on the evidences here shown, the assumption for the
POF torque sensor is that since the fiber is initially bended in
180°, all the attenuation of the optical power is due to the
variation of the refractive index caused by the stress-optical
effect. Furthermore, as assumed for the deflection in Section
I11, all the torque generated by the spring deflection is directly
transmitted to the fiber. For this reason, different refractive
indexes are applied on the equation of the sensor attenuation
(see (1)) to obtain the relation between the output power
attenuation and the refractive index variation. The POF sensor
properties are presented in Table 1. To enhance the signal
visualization, the output power signal is normalized with
respect to the first signal (when the refractive index variation
is 0). Figure 12 shows the relation between the sensor output
variations with the refractive index variation (' An_).

TABLE |
POF SENSOR PROPERTIES

Parameter Value Unit
a 0.49 mm
p 0.60 mm
C 12.48 mm

nc 1.492

n, 1.417
Oh, 101t m?/N

The output power variation with the refractive index
changes is almost linear. However, the relation does not have
a linear behavior when the refractive index variation is higher
than 1.3. Such relation is obtained applying (5) under the
consideration that all power attenuation is due to the stress-
optic effect, and it may lead to errors on the torque
measurement. In order to compensate the effect of this
nonlinearity on the torque measurement, a linear
approximation of the curve relating the refractive index
variation and the output power is made for refractive indexes
higher than 1.3 (see Fig. 12).

The variation of the core refractive index due to the stress-
optic effect is given by (5). Furthermore, as shown in Section
I11, the time-varying component of the sensor viscoelastic
response can be isolated from the static component through
(6). Since the main assumption here is that all the signal
attenuation is due to the stress-optical effect, (6) can be
applied for the stress response of the sensor shown in (5). If

pure bending stress is considered, the static stress ( o, ) can be
calculated as:

O-OZTI (7)

where T is the torque, x is the perpendicular distance
between the bending axis and the neutral line (fiber center
dashed line of Fig. 1), and | is the moment of inertia around
the neutral axis. Applying the assumption that all the output
signal variation is due to the stress-optical effect, (6) can be
rewritten with stress terms instead of optical power terms. By
taking the compensated response and substituting (7) in the
(5), the torque equation for the POF torque sensor is obtained
as:

_ An 21

T=—; .
nc qllx

®)

0733-8724 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2017.2789192, Journal of

Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

Since the fiber cross sectional area is circular, the moment
of inertia depends only on the POF total diameter, which is the
0.98 mm of the core plus the 20 um thickness of the cladding
and the 1.2 mm of the jacket that totalizes the diameter of
2.2mm of the POF employed. The distance between the
bending axis and the neutral line is the length indicated as
“higher stress region” in Fig. 1. The length of this region is
about 3.5 mm. Although the value of this distance can change
with the bending angle, this variation is not high in this case
due to the lower angles of spring deflection, which is lower
than 12° (see Fig. 9) and the lower curvature radius of the
fiber in this case. Therefore, the distance between the bending
axis and the neutral line, X, is considered constant. In order to
get the refractive index variation, the range of variation of this
parameter with the output power can be approximated through
linear regressions. Equation (9) shows the linear regression for
the result presented in Fig. 12. This equation gives the
estimated refractive index ( n.,) with a certain output power

variation.

N, = 1.571% +0.04474 (9)

1

The difference between the estimated refractive index when
the output power ratio is 1 (1.616, see (9)) and the estimated
refractive index for a certain output power ratio is the
refractive index variation.

The torque curve is compared with the measurements made
on the spring. Since the spring presented high linearity on both
extension and compression movements [7], the torque on the
spring under compression is the product between the spring
constant for compression, which is 92 Nm/rad, and the spring
deflection angle. When the deflection angle is 4°, the spring
torque is 6.42 Nm. Whereas, the torque estimated by the
sensor based on POF is 6.78 Nm, this difference represents an
error of 5%. However, this error is reduced as the spring
deflection angle increases. When the spring angle is 10°, the
torque is 16.05 Nm and the POF torque sensor estimates a
torque of 16.57 Nm, which is an error of 3.2%.

The POF torque sensor is also validated in dynamic
measurements. The test result presented in Section Il is
evaluated with respect to the torque by means of the product
between the spring deflection measured by the encoder and the
spring constant. Figure 13 presents the test results and the
torques estimated by the torque sensor. The RMSE is also
calculated in this case. The error between the POF sensor and
the encoder for the torque estimations is 0.33 Nm. The errors
that can be present due to the encoder resolution discussed in
Section Ill, are also presented in this test. Although the
deflection range is low, the assumption of constant moment of
inertia and constant perpendicular distance between the
bending axis and the neutral line also can lead to minor
deviations on the torque estimation. For this reason, the error
of the torque sensor is higher than the one of the curvature
sensor. The comparison between the RMSE for the torque and

the angle is made by calculating the percentage contribution of
the RMSE on the total range of the test, which means to
calculate a ratio between the RMSE and the test range. In this
way, the error percentage contribution of the torque sensor is
5.7%. Whereas, the percentage contribution of the curvature
sensor is 4.7%. The error of the torque sensor may be further
reduced if the variation of the distance between the bending
axis and the neutral line is considered for the different
deflection angles on the spring. Nevertheless, Fig. 13 also
shows the comparison between the proposed technique for
torque measurement with POF sensors and the POF curvature
sensor with the application of the spring constant to estimate
the torque, an alternative manner to determine torque on a
torsional spring. Regarding the sensor resolution, the
estimated value for the torque measurement is about 0.15 Nm,
which provides a higher resolution than the encoder (about
0.5Nm). In addition, the sensor errors for the torque
measurements is lower than 5%, which may indicate high
precision of the proposed POF sensor.
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Fig. 13. Torque estimated by the POF torque sensor for successive

loading/unloading cycles and torque estimated by the encoder and POF

curvature sensor with the application of the spring constant.

V. CONCLUSIONS

This paper presents the application of POF sensors on the
spring of a rotary SEA for active knee orthosis. Two different
methods were developed for obtaining spring’s deflection and
torque.

The spring deflection was obtained by means of the
correlation line between the sensor output voltage and the
spring deflection. The correlation equation is obtained on the
calibration procedure, which comprises of positioning the
spring on predefined angular positions and acquire the sensor
output power in each position. Considering that POFs present
viscoelastic response with the consequent time-varying
component on its stress or strain response, a reliable deflection
response is obtained through the viscoelastic effects
compensation made with creep recovery or stress relaxation
experiments. This compensation successfully isolates the static
response from the time-varying response.
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Since the sensor response presented the effect of a
viscoelastic material under stress and the sensor does not
present the characteristic saturation trend in angles higher than
90°, it was made the assumption that all the variation of the
output power is due to the variation of the refractive index
induced by the stress-optical effect. This assumption enables
the application of the POF to measure the torque on the spring.

The proposed torque sensor presents lower errors when the
refractive index is smaller than 1.3. However, there is a
discontinuity of the model when the refractive index is higher
than 1.3. A linear compensation to correct/suppress this effect
was proposed and the error remains below 5.7%. Although
this error is higher if no compensation is applied, the
compensation technique may be enhanced by considering the
neutral line distance variation with the spring deflection angle,
which is theme of future works.

Another future work includes the investigation of the trade-
off between the attenuation mechanisms of the POF sensor in
angles lower than 90°. In this way, it may be possible to
measure angle and torque simultaneously, which has potential
applications as wearable sensors for human kinematics and
kinetics assessment, increase the compactness of exoskeleton
instrumentation and as sensors for soft robotics.
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